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!  hydrojfen-oxynen  rpartion  wa*  invratiKiitpd  using  OH  alisorptinn  icd  emission  m<  !u*- 
nta  of  indurtion  times  over  the  temperature  range  of  1400  -iVXt'K.  The  ilep«-r.  ’  nee 
uctiun  time  on  rompoeilion  »as  studied  to  measure  the  relative  influenre  of  hydrogt'U 
xygen  eonrentrations  in  determining  the  induction  times.  Comparison  of  expi-rimi'otal 
iiements  with  computi-d  values  obtained  from  an  analytic  solution  to  the  rati'  eijua- 
whirh  is  pn-senO-d  in  detail,  shoM«><|  that  the  results  could  Ih-  understcMxl  in  terms  of 
oelhrient  parameters  which  are  in  agreenicnt  with  previous  studi<-s  The  effect  of  slow 
ional  relaxation  of  Oj  was  investigated  under  conditions  where  the  vihrational  ixdax.atioii 
were  comparable  to  the  induction  times.  The  results  indicati-d  that  in  normal  studii-s 
fnigen-oxygen  ignition  kinetics  no  effect  of  slow  vibrational  ndaxation  will  Im-  oliservcd. 


Introduction 

tudies  of  the  hydrogen -oxygen  reac- 
I  temperatures  have  Ut  n  reporttsi  in 
..  For  the  cii.-ie  of  pres,-iures  low  enough 
ecular  reactions  can  lie  disregardeti. 


Jisence  of  v 

rail  effecta,  thev  have 

•  con- 

the  dominant  reactions  of  the  indue- 

are: 

Hj  -h  Oj  ” 

■2  OH  (or  H,  ()> 

(0) 

H  -1-0,  - 

O  +  t)H 

(1) 

O  -1-  H,  - 

H  -bOH 

(2) 

)H  -1-  H,  - 

H  +  H,<». 

(3) 

all  result  of  this  branching-chain 
exfxinential  growth  of  chain-carrier 
on»  with  little  release  of  heal.  Sul>- 
ower  termolei  alar  reaction.s  lead  to 
ical  equilibrium  and  the  release  of 
ission.s  of  this  set  of  reactions,  with 
A  adilitionai  ex|ieriniental  work,  have 
died.‘~* 


Theoretical  Treatment 

to  investigate  the  agreement  between 
tion  of  the  induction  |»eri(sl  in  terms 

erfonned  at  The  University  of  Texas. 


of  Reaction.s  ‘0)-f3)  and  e.\;)erimental  results,  a 
solution  of  the  rate  etjuations  for  thcs«>  reactions 
is  retjuireti  under  conditions  appropriate  to  the 
exfieriinental  range  of  teiniierature,  firessure, 
and  conqsisition.  In  an  early  pa|K*r  using  tech- 
ni(|ues  similar  to  those  employiHl  here.  Schott 
and  Kin.s»-y‘  employeil  partial  steaily-statc  a|)- 
pro.ximation.s*  and  a.s.«umtsi  constant  hydrog<>n 
and  oxygi-n  concentrations  in  order  to  derive  an 
exftression  for  the  rate  of  growth  of  hydroxyl- 
radical  concentration.  This  le-i  to  a  relation  be¬ 
tween  oxygi‘n  concentration,  induction  time,  and 
temfierature,  which  could  lie  conqiared  with  their 
ex|)erinienlal  results.  .\  different  approach  taken 
was  numerical  integration  of  the  rate  equations 
under  the  constraint  of  coastant  shock  flow.*  ' 
The  partial  stea<ly-state  apfiroximation  used 
Dy  Schott  and  Kiiisi'v,  and  al.-o  in  pn'vious  treat¬ 
ments  of  the  induction  |>eri<Nl  n*actions  for  other 
kinds  of  expiTiments.*  wa.s  basisi  on  the  following 
considerations;  ,s!ince  Reaction  (It  is  17  krai 
endothermic,  whereas  Reai'tions  (2)  and  f.'l)  are 
alioi't  thermoneutral  or  exothermic  (AA'j=  '.i  kcal, 
— 16  kcal),  it  w  a.s,sume<l  that  Reaction 
(1)  was  rate  controlling  and  that  the  partial 
steaily-state  a|)i<rnximation  could  be  apfilitsl  to 
the  concentrations  of  O  and  OH.  Recent  exfieri- 
mental  work,’-^  however,  has  shown  that  the 
rate  coefficients  of  Reactions  (1)  and  (2)  are 
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actually  alniul  e<|ual  in  the  tein|)erafurc  runtci'  »f 
interest  hero,  and  that  the  partial  steafly-'iate 
approximation  cannot  be  applie<l  to  the  concen¬ 
tration  of  0.  Thi.'-'  means  that  the  analysis  u-s-d 
by  Schott  an<!  Kinsey  is  applicable  only  when  the 
ratio  of  hydrogen  to  oxygen  is  very  large. 

We  solved  the  system  of  rate  equations  for 
Reactions  (0)-(3)  without  steady-state  approxi¬ 
mations  or  a.ssumptions  about  the  v.alues  of  the 
rate  coefficients.  The  rate  etjuations  are 

dCOII]  d/  =  -b 

-  [0nl»i>a  +  2[JI,T0,]fc,,  (4) 

rf[Ol  dt  =  [I{][(h]^,  -  [olii,]*;.  (5) 

d[n]  ,u  -  [o][n,>,-f  [()ii][Hi>3 

-  [Fil(),>..  (6) 


Iluring  ell  but  the  very  last  part  of  the  induction 
|ienod,  when  IJeactions  (OJ  (3)  no  longer  suffice 
to  descrilic  the  reaction  system,  the  concentra¬ 
tions  of  hydrogen  and  o.xygcn  remain  constant. 
Kifuations  (4)-(6)  then  can  l>e  written 

dx  dt  =  za  yh  —  xc  -|-  2f?o,  (") 

dy  dt  =  za  —  by,  (K) 

dz,dl—  yh  +  xr  —  za,  i  9) 

where  x  —  [OFI],  y  =  [Oj,  z  =  ^FI].  and  a.  h,  < 
and  Ro  are  constants  at  a  given  temperature  and 
starting  compo.sition.  The  initial  londitions  are 
X  =  y  =  2  =  0.  The  solution  is 

X  =  coef  .4  exp  (Ba  •  t)  +  coef  flexp  (Bn  *  t) 


Ba  =  i[—  (a  +  6  -f  c)3  -f  §[^— 36c  -f-  (a  -b  6  -f  c;-]''-  cos  ]<> 


Bh  =  ![—  (a  +  6  4-  c)]  +  §[-36c  -|-  (a  -f  6  -|-  c)*]’'*  cos  i((^  -f  2r) 


fic=  J[-(a  +  6-f  c)]-|-  i[-36c-|-  (a -f- 6 -|- r;’]''’ cos  J(0 -f  4tJ 


,  2(’a-t-6-f-c)*  —  9fa-F-6-F-c)6c  —  .54  abr 
2) -[36c  -  (a  + 


~coof  .4“ 

1 

1 

1 

-I 

“  0  ~ 

coef  B 

Ba  +  c 

Bn  +  c 

Br  -F*  c 

Ro.b 

= 

26  -|-  Ba 

26  4-  Bh 

26  -F  Be 

coef  C 

(Ba  -f-  b)lBA  +  c) 

Bh  4-  b)(BH  4-  c' 

(Be  +  b)(Bc  4"  c) 

Ro/o 

a{2h  “f*  B4} 

a(  2b  -f-  Bh) 

0  ( 26  4"  Re  > 

Tlie  constants  appearing  in  the  solution  can  F>e 
coriiputerl  readily  for  any  given  temiicatures, 
comi>o'itions,  and  rate  os'fficicnts.’* 

This  solution  incorisirates  assumptions  of  con¬ 
stant  temi>erature  and  reactant  concentration, 
ignores  fFie  fact  that  the  experiments  are  actually 
|H‘rform(sl  in  flowing  gas.  and  allows  chain  initia¬ 
tion  only  by  formation  of  OFF.  The  la.st  a.ssuni|)- 
tion  is.  in  fact,  not  neces.sary;  the  solution  is 
only  slightly  cotiiplicated  liy  allowing  F!  and  O 
to  Fje  pnslucisl  in  initiation  ste|)s.  TFiere  apjiears 
to  lie  no  gain  in  doing  this  at  presr'nt,  howevi-r. 
since  little  is  known  alsmt  the  homogeneous 
reactions  pnsiucing  chain  centers,  and  the  inter¬ 
pretation  of  our  results  woulil  Ire  unaffectrsF 
thereby.  There  is,  likewise,  little  prosjiect  tfiat 
eliminating  the  other  assumptions  by  analytical 
means,  if  it  is  inissible  ai  a”,  would  Fre  of  ad¬ 
vantage  for  prcsimt  purjioses.  TFiis  can  Ire  siiown 
Fry  comparing  the  rate  of  increase  of  OH  concen¬ 
tration  in  a  shock-tulre  ex[)erim.'nt,  as  computisl 
using  the  analytic  solution  with  a  straiglitforward 
numerical  integration  of  the  rate  equations  with¬ 


out  simplifications  given  by  Schott  and  Kinsey. 
Figure  1  shows  that  the  two  sirlutions  give 
iilenticnl  results  until  well  after  the  observed 
end  of  the  imiuction  ireriisl. 

Similar  treatments  of  the  induction  [rr-riod 
kinetics  have  Ireen  oresentt'd  by  other  authors.*  •  * 
They  have  shown  that  there  are  several  kinds  of 
.simplifications  which  ran  Ire  made  in  the  etpia- 
tions.  Twii  of  the  three  roots  are  negative,  and 
can  tre  shown  by  direct  calculation  to  gi\e  no 
contribution,  even  as  transients,  to  the  physically 
significant  growth  of  radical  conccnfratioii.s.  One 
has  only  to  consider,  therefore,  the  single  isisitive 
riM>t.  TFie  constants  apiwaring  in  the  equations 
can  then  tie  examinni  for  size  under  a  given  set 
of  ex|K*rimental  conditions,  and  suiierfliious  ones 
omitted  from  the  computation.  One  can  then 
search  for  algeliraic  simfilifications,  and  olitain 
expressions  which  ran  lie  plottisF  for  comparison 
with  exix-ilo.;'a*sl  data,  and  in«i)ecte<l  for  insight 
into  the  chemical  kinetics. 

We  have  rhosrm  a  i  alternative  [irocedure.  For 
presentation  of  exfierimental  data,  a  graph  of 


SHOCK  TUBE  STUDY  OF  Hj-Oi  REACTION 


297 


•  ti  versus  inverse  temi)erature  was 
y  Schott  and  Kinsey  to  be  useful.  It  will 
Ater  that  such  a  plot  has  little  theoretical 
nee,  but  it  serves  well  for  inspection  of 
at  between  predictions  and  experiments, 

I  allow  the  present  experiments  to  be 
■d  with  the  r«!sults  of  Schott  and  Kin.sey. 

■e,  our  computational  procedure  was 
I  to  deveLp  theoretical  relationships 
logf0*3  •  <,  and  1/  T  for  various  exjjeri- 
mixtures  and  various  sets  of  trial  rate- 
M  expressions.  The  complete  solution  - 
igrammed  for  a  digital  computer,  and 
'f  ti  were  computed  as  the  time  between 
iating  and  attainment  of  OH  concentra- 
ar  10^  moles  per  liter,  which  is  assumed  8 
e  detection  threshold  of  our  apparatus.'*  - 
an  then  determine  the  deix-ndence  of  the 
n-period  reactio.is  on  concentration  of 
n  and  oxygen  in  the  following  way.  The 
ag  rate  can  be  written  formally  as 

<Hlogz)/dt=‘  *C0i]"CHi]". 


t  ttci 


Fia.  2.  Comparison  of  experimental  induction 
times  with  calculated  vibrational  ndaxatif.n  times 
for  oxygen.  Solid  circles  are  measured  induction 
times  for  .\r:Hj:(>j  —  9.S;1:I.  Curve  A,  vilirational 
relaxation  time  for  He:Kr:I>t:<b  •  1 : 1. 

Curve  B,  vibrational  relaxation  time  for  Kr ;  Dt  I  “ 
98:1:1.  Curve  C,  vibrational  relaxation  time  fi>r 
Ar:Dt:Oj  -  98:1:1.  Starting  pressure  in  each  case, 
10  Toit. 

Integrated  from  shock  heating  to  the  observed 
end  of  the  induction  periisl,  assumed  to  be  a 
certain  chain-center  concentration  this  yields 

*COiKH,]"  •  1,  =  constant. 

or,  in  logarithmic  form. 

log  (constant)  =  log.'.  m  log[Oj] 

-b  n  log[Ht]  +  logf,. 

For  one  concentration  held  constant,  the  slo|  c 
of  log  l/(<  versus  log  Q  3  f'”"  other  concentri- 
tion  gives  m  or  n.  In  this  way.  the  cITcctiw 
molecularity  of  the  induction-i>crii>d  reactions 
can  be  determ*niJ  fnim  the  exfieriinental  values 
for  the  rate  constants  for  Rcaction.s  ilti  (3). 


1.  Comparison  of  analytic  solution  with 
al  integration  of  rate  equations.  Rate  coeth- 
nd  experimental  conditions  identical  with 

Fig.  2,  Ref.  1. - ,  analytical  solution; 

merieal  integration. 


Vibrationid  ReUuatioa  Effects 

.\t  the  upper  end  of  the  temi)erature  ramm 
studied  in  our  exf)erimeDt.s,  the  induction  [Hriods 
begin  to  be  .so  short  that  they  approach  the 
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vibrational  rrIaxafH)n  timo  of  oxygon.  Thr  quos- 
tion  thon  arises  a.s  to  whrthor  tiu'  rafos  of  Roao- 
tion-t  (0)  or  (1)  ni.ay  in'  afIcctfHl  {)y  the  finite 
rate  of  ef|uilif)rati(in  rif  the  first  and  second 
vii)rafional  levels  of  oxygen,  which  are  populatefi, 
at  2t)0()'’K,  with  22''c  and  77c.  rps|)ectively,  of 
the  total  oxygen.  Recently,  accurate  exi)eri- 
iiiental  data  have  become  a’ailable  on  the 
efficiency  of  various  collision  partners  for  •.•il)ra- 
tional  p<|uilil>ration  of  oxygen.'"  \  study  wa.s 
made  to  detertnine  if  there  would  be  a  possibility 
of  observing  the  induction  periods  of  the  hyd"'>- 
gen-o.xygen  reaction  at  various  degre«'s  of  vibra¬ 
tional  equiM.ralii^n  of  oxygen. 

For  the  usual  com|Kisition  range  employed  in 
this  and  other  shock-tul)e  studies  of  the  hydro¬ 
gen-oxygen  reaction,  the  greatest  contribution 
to  the  oxygen  relaxatif)n  comes  from  collision.® 
with  hydrogen,  even  when  hydrogen  is  present 
in  concentrations  lr>wer  than  iTc-  I  his  cr)ncentr.i- 
tion  is  about  the  lower  limit  for  accurate  metisufe- 
ments  of  induction  times  in  our  apparatus.  Calcu¬ 
lation  'howefl  that  it  w.iuM  not  U‘  po-sib|e  to 
obtain  any  conditions  where  the  induction  t'me 
Would  Is'  Isith  shorte  than  the  vibration  re’  x.a- 
tion  time  and  still  measurable  with  C'i  hydi  gen 
in  the  ex(H-rimental  mixture.  .V  different  situt.fion 
is  obtain<sl  when  deuterium  is  sub-titute<J  for 
hydrogen.  Th.e  large  increase  in  re<lueed  mass  for 
deuterium  oxygen  collisions  slows  down  the 
calculated  vibrational  relaxation  times  to  the 
point  where  they  do  indcssi  tiecome  as  long  as 
induction  times,  under  conditions  accessible  to 
study  in  our  apparatus.  .Vdditional  lengthening 


of  the  relaxation  times  Ls  obtainerl  by  using 
krypton  rather  than  argon  as  the  diluent  gas.  In 
Fig.  2,  the  calculatfsi  vibrational  relaxation  times 
for  two  deuterium  oxygen  mixtures,  one  dilut<“<i 
with  krj'pton  and  one  diliitisl  with  krypton  and 
helium,  are  comparecl  with  induction  times  for 
10  Torr  starting  pressure.  It  was  necessary  to 
a<ld  krypton  to  the  helium  in  order  to  obtain 
.sufficiently  high  temi)eratures  with  our  apparatus. 
The  induction  times  in  Fig.  8  are  our  re-ults  for 
an  exi>erimental  mixture  containing  ITo  hydri>- 
gf'n  oxygi'n.  and  987©  argon.  Relaxation 
times  for  krypton  were  obtaine<I  by  extrajiolation 
'sf  eYix'rimen*'''  rl“'.i  Sr  helium  and  argon.  Re¬ 
laxation  times  *'  'r  deuterium  were  assumed  to  he 
the  same  a®  for  helium,  acconling  to  the  sugges¬ 
tion  by  White.'* 

Experimental 

The  data  presented  here  are  induction  periods 
in  hydrogen-sixygen  argon  mixtures  heated  to 
reaction  temp<‘rature.s  in  the  range 
24hO‘'K  by  incident  shock  v  avi's.  Starting  pres¬ 
sures  rangeil  from  .t  to  I.i  Torr,  with  most  of  the 
exts'riments  at  10  Torr.  The  induction  periisl 
was  experimentally  defined  a®  the  time  b<>twei'n 
shock  heating  and  first  obs»'rvable  trace  of 
hydroxyl-radical  concentration,  multipliwi  by 
the  density  ratio  in  the  shock  to  convert  from 
observer  to  gas  time. 

Our  apj-iaratus  is  of  conventional  design  (Fig. 
3).  The  shock  tul>e  was  constructeil  of  1  7.a  in.  X 
4  in.  aluminum  tubing,  A  series  of  flush,  de- 


Fio.  3.  Block  diagram  of  apparatus. 
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C'pp«*r  photocraph;  At>#<irpti<''i  of  30*>7 
.•  t)H.  Th»  diagonal  trarf  rprorila  aicnata 
*nr«>  itauKra.  Experiment  al  ronditiona 
:(>t  “  !)»<:|:l:afartin)tpre8Biire,  lOTorr; 
Jerature,  'iU-WK.  I^iwer  photograph: 
xmi  OD.  trianKular  :VIA  handp.-kua  ren- 
080  A-  Experimental  ronditiona  were 
■  98:1:1, •  atartinK  preaaure,  10  Torr; 
eratutw,  '2480'’ K. 

tinum  reni-itanre  ftauKCa,  :<pared  on 
of  the  ohaervation  station,  provided 
velocity  measurements.  The  amplified 
e  displayed  together  with  time  mark.s 
•  sweep  oscilloscope.  Sh<H'k  velocities 


Kio  5.  S*'n8itivity  of  compufe<l  lines  to  variation 
of  input-rate  roeflirienta  and  riitolT  ronrent’afion. 
Uata  for  each  line  from  Table  II. 


Were  compiitetl  by  graphical  analysis  of  the 
raster  sweep  photographs.  .Vrrival  of  the  shork 
wave  at  the  oliservation  point  could  be  measureil 
to  alK)ut  ±1  micnjsecond.  The  observation 
station  was  a  pair  of  flush  quart:  windows  r>n 
opfHisite  sides  of  the  shock  .ul)e. 

The  lamp  for  absorption  measurements  con- 
siated  of  a  microwave  discharge  (2.45  gc,  lOO  \V) 
in  about  10  Torr  argon  containing  a  trace  of 
bismuth  vapor.'*  The  bismuth  resonance  line  at 
3067  A.  which  coincides  -vith  the  RjlO  line  of  the 
0-0  transition  of  the  *2-^11  system  of  OH,  was 
isfilated  after  collimation  by  slits  with  a  Heckman 
DU  monochromator,  and  the  intensity  measured 


TABLE  I 

Compnaitinn  of  experimental  mixturea 


Hydrogen 

ttxygen 

Deuterium 

Argon 

Kiypton 

Pelium 

Ratio 

0.032 

0.010 

0 

0.058 

0 

0 

3.2 

0.030 

0.010 

0 

0.070 

0 

0 

2.0 

0.010 

0.010 

0 

0  980 

0 

0 

1.0 

0.0329 

0.010 

0 

0  087 

0 

0 

0.29 

0.0017 

0.010 

0 

0.088 

0 

0 

0.17 

0 

0.010 

0.010 

0 

0  08 

0 

1.0 

0 

0.010 

0.010 

0 

0.30 

0.68 

.’.0 

0.010 

0.030 

0 

0.060 

0 

0 

0.33 

f 
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Fio.  6.  Induction  times  for  OH  absorption.  Solid 
triangles,  Hi:Oj  -  0.17:1;  open  triangles,  Hj:()j  » 
0.29:1;  open  eirelts,  Hj:Ot  •  1:1;  open  rectangles, 
-  2:1;  solid  rectangles,  Hj:0,  «  ,3:1;  solid 
circles,  •  1 :3. 

with  a  iPiH  photomultiplier.  The  anode  signal 
wa.s  applied  to  the  grid  of  a  cathf)de  follower, 
the  output  wa."  adjusted  for  about  2  Msec  res|)onse 
time,  and  displayed  a.s  a  single  sweep  on  a 
Tektronix  53.5. \  oscillo«co[)e.  For  measurement 
of  short  induction  (lerifKis,  the  output  of  the 
photomultiplier  was  dis[)layed  on  an  oscilloseope 
with  a  trace  chopited  at  a  crx.stal-eontrolled 


i/T  X  to’  fK) 

Fio.  7.  Inductirn  p"rinds  to  onst-t  of  22 -T1  (P-Oi 
emission  in  vibrational  relaxation  ex[>erimcnts 
Croeses,  .Ar:Hj:0,  -  9S;  1 : 1 ;  o[>en  circles, 
He:Kr:Hj:<)j -0>':;tO:  1 : 1 ; solid ciirles,  Kr:l),;< ); « 
9S:l:l. 

frequency  of  1  me,  to  allow  simultaneous  re¬ 
cording  of  velocity  markers  and  absorption  or 
emission  on  one  photograph.  .\  sample  oscillogram 
i.s  shown  in  Fig.  4. 

Gas  mixtures  wero  [>repared  manometrir.ally  in 
a  convenMonal  vacuum  system.  Commercial 
cylinder  gases  were  used  without  [luriRi ation. 


TABLE  II 

Input  data  for  computations 


Line  Cutoff  logAi 


Mf  i 
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Bats  the  pompositiops  nf  the  mixture 


Results 

•nsitivity  of  theoretical  lines  for  the 
[0,]  •  ti  vs  inverse  tem()erature  to 
n  input  rate  constants  and  OH  appear- 
x'ntration,  is  shown  in  Fig.  o.  Starting 
•  input  rate  ctmstanfs  were  taken  from 
>•  article  of  Kaufman  and  Del  Greco* 
suggestions  of  Baldwin'-  and  Clyne.* 
lerimentally  measured  induction  |ierio<l.s 
hydr«)gen-oxygen  mixtures  are  shown 
The  calculated  lines  eorresixind  to  the 
the  "s*"  •‘onsfanfs  given  in  Table  II. 
on  periods  in  deuterium -oxygen  mix- 
e  measured  to  on.set  of  01)  emi.ssion  at 
a  Fig.  7,  the  results  for  the  two  differ*-nt 
ital  mixtures  are  shown,  together  with 
lent.sof  the  induction  fteriod  determinrsl 
nission  at  3070  A  for  a  H*  +  0*  4-  98 
re. 

.tion  of  the  quantities  m  and  n  is  illus- 
Fig.  8. 


Discussion 

suits  presented  in  Fig.  6  demonstrate 
ntion  times  in  the  hydrogen -oxygen 
n  shock  waves  dejn-nd  on  the  concen- 


[S,)  »  [0,1 

Imreatigation  of  effective  molecularity  of 
period  rewtion*.  Slope  of  Hi  curve  yieldt 
ty  for  Hi,  slope  of  I  >i  curve  yield*  molec* 
f)».  Temperature,  ISOO'K.  Starting  pp-s- 
orr  fi>r  9h;|:i  mixture,  and  adjuate<i  to 
reactant  concentration  ennatant  for  other 


trationa  v/  t><')ih  hydrogen  mul  o.xygen.  They 
indicate  also  that  the  degree  of  de|)cndence  on 
composition  and  tem(;erat!irc  can  lx-  pnxlicied 
in  reasonable  agreement  with  experiment  using 
rate-coefficient  expressions  for  the  elementary 
reactions  involve*!  that  are  in  accord  with  previ- 
ou.s  e\|)eri mental  studies. 

It  i.s  significant  that,  for  reasonable  values  of 
apjiearance  concentration  and  rate  ci.efficienta, 
the  as.sum(sl  induction  |ieri<sl  scheme  allow.s  the 
calculation  of  induction  jierifxl.s  which  reprixluce 
t)oth  the  tetu[)«‘rature  and  concentration  de- 
|x»ndence  of  the  reaction.  Ujxin  e.xamination  of 
the  .sensitivity  of  the  .solution  to  variation  of  the 
rate-coefficiefit  parameU'rs  and  apitearance  con¬ 
centration.  it  is  found  that  the  .slo(ie,  [Misition, 
curvature,  aim  <4>iii|M>siiiou  de|>eiiiienre  of  the 
plotted  log  [|Oj3  •  t,  values  de|s*nd  strongly  on 
the  .set  of  rate-coefficient  parameters,  except 
that  ki.  I>eing  substantially  greater  than  /fc*  under 
all  conditions,  has  little  effect  on  the  prediriisi 
curves.  Too  high  a  value  for  k^,  ha.s  the  end  effect 
of  curving  the  plotted  inducthm  fieriods  more 
stPingly  downward  at  high  temiieratures,  since 
this  causes  the  linear  portion  of  the  0H-<on- 
centration  increase  to  continue  to  higher  OH 
concentrations.  The  activation  energy  given  to  *| 
affects  the  slope  of  the  calculated  lines,  while 
that  given  to  affects  only  the  f»ositinn  of  the 
lines.  This  is  a  cousequence  of  the  fact  that  the 
activation  energy  of  ki  is  c.in.siderably  larger 
than  the  activation  energy  of  ky  It  would  he 
possible  to  reprfxluce  the  data  of  our  exjieri- 
ments  with  other  than  the  rate  coefficient 
parameters  indicated  in  Table  II;  one  then  loses, 
however,  the  correct  extrapolation.s  to  data  (>!>- 
tained  in  experiments  at  lower  temperatures. 

In  the  experiments  performed  to  test  for 
vibrational  relaxation  effects,  a  ch-ar  lengthening 
of  the  induction  [leriod  for  the  vihrationaily  cold 
mixture  can  be  seen.  The  scatter  in  the  n-sults 
for  the  vihrationaily  c*>ld  mixture  apficars  to 
be  greater  than  fot  otlier  mixtures.  This  may  tn- 
sn  effect  of  driver-gas  mi-xing  due  to  noniiieal 
diaphiagm  rupture,  as  has  l>een  noted  in  other 
sensitive  shock-tube  experiment.s.  It  is  clear 
from  the  magnitude  of  the  indurt;.>n  periisi 
lengthening  that  no  effect  of  vibrational  relaxa¬ 
tion  will  be  observed  in  mixtures  containing 
hydrogen  and  argon. 

The  effective  molecularity  of  the  induction 
period  reactions  depend-s  on  the  (sim|Misition  of 
the  reacting  mixture  and  the  temperature. 
Values  of  m  and  n  under  typical  conditions  of 
temperature  (1800®)  and  composition  are  found 
to  be  0.4  <  m  <  0.6,  0.5  <  n  <  0.8.  The  de- 
l>enHence  ujion  oxygen  concentration,  for  the 
teriqierature  rang'*  of  these  exix'rimenfs,  is  1ps.s 
than  the  de{)endenre  u|M)n  hy<irogeii  concentra- 
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tion  for  equivalence  ratios  within  a  factor  of  5 
from  stoichiometric.  .\t  lower  temperatures,  the 
reverse  situation  prevail-s,  due  to  the  higher 
activation  energy  of  iti.  For  the  general  case,  it 
may  be  concluded  that  the  rate  of  the  brandling* 
chain  reaction.s  deismd.s  on  the  concent  rat  ion.s  of 
both  hydrogen  and  oxy(?en,  and  that  the  degree 
of  dependence  is  a  function  of  temperature  and 
of  composition  over  all  conditions  normally 
encountered  in  the  study  of  this  reaction  in  the 
high-temi»eratun’.  low-|ire>sure  region. 
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COMMENTS 


Dr.  M.  .4.  Khan  t Shell  Retearck  Lui.  Thornton):  I 
would  like  to  ask  atiout  the  activation  energy  of 
the  initiation  reaction 

E, 

Hi  +  O,  -  OH  4-  OH. 

In  his  well  known  book  Cheniwai  Kinetic*  and  Cham 
Reaction*,  Semenov  quotes  Et  •  62  kcal  mole"',  a 
value  derived  from  the  Halter  mechanism,  using 
Hinshelwoocls’  data.  Again,  in  194.5,  Semenov 
derived  a  value  of  45  kcal  mole*'  from  Kowalsky’s 
data.  We  now  know  that  the  Hatter  mechanism  is 
obsolete.  Could  Gardiner  give  any  reastma  for  not 
using  the  figure  of  45  kcal  mole"',  and  is  there  really 
any  theor-tieal  or  experimental  basis  fur  the  figure 
of  70  kril  mole"',  which  he  uses  in  his  paoer? 

Pro/.  B'.  C.  Gardiner,  Jr.  Very  'ittle  information 
about  the  rate  oteffiiient  for  homogeneous  chain 
initiation  is  available,  and  the  assignment 
Hi  4-  Oi  -  2  OH,  w  th  the  rate  parameters  given  in 
our  paper  should  tie  regarded  only  as  a  reasonable 
guess.  At  high  temiteratun'S,  thermal  dissociatiitn  of 
hydrogen,  for  which  relialde  rate  coefficients  are  now 
available  [Sutton,  E.  A.:  J.  Chem.  Phys.  36,  2923 


(1962)3,  appears  to  be  faster  than  any  other  inilia 
tion  process.  Semenov  suggests  i.Some  Prohleme  la 
Chemical  Kinetic*  and  Reactivity.  \’ol  2,  p.  151, 
Princeton  University  Press,  19.59)  that  the  early 
data  of  Kowalsky,  if  interpreted  in  terms  of  homoge¬ 
neous  ehain  initiation,  yield  an  order-of-magnitude 
rate  ronstant  of  10"”  for  Hi  +•  (>i  ••  2  *>H,  or 
Hi  4-  Oi  —  H')i  +  H.  at  S00°K.  Belles  has  iiiUT- 
prt‘ted  the  data  of  White  and  .MiMire  'this  ,S\m|«>- 
sium,  p  785)  for  rich  mixtuns,  and  finds  that  1.5  kcal 
appears  to  be  a  reasonable  activation  energy  for  the 
initiation  sti-p.  Hirsch  and  Ryason  [J.  Chem.  Phys 
40,  2051  (1964)3  find  that  experimental  values  for 
ignition  delay  can  lie  reproduced  computationally 
with  chain  initiation  via  thermal  diswK  iation  of  hy- 
dnigen  only,  which  has  an  activation  energv  of  103 
kcal.  Can*ful  ignition-delay  me-asurements  in  rich 
mixtures  over  a  wide  temperature  range,  analyzed 
with  a  proeidure  similar  to  that  used  by  Dr,  Bi  lles, 
might  pnivide  more  information  on  this  aulije<-t. 
r.4ieking  more  and  better  data,  however,  there  are 
no  firm  grounds  for  identifying  humogt-niNius  initi¬ 
ation  with  a  speeifie  elementary  reaetion  or  for 
assigning  an  at'tivation  energ.  . 


